Hybrids between the Arabidopsis ecotypes C24 and Ler have high levels of hybrid vigour, or heterosis, in both biomass and seed yield. Heterosis can be detected throughout the development of the plant and in different tissues. We examined developing embryos and seeds of C24/Ler reciprocal hybrids with the aim of detecting the earliest time at which heterotic gene activity occurs. In the transcriptomes of 4-dap (days after pollination; dermatogen to globular) and 6-dap (heart) embryos from both parents and hybrids, 95% of expressed genes were at the mid parent value (MPV) and 95% of the genes with single nucleotide polymorphisms between C24 and Ler retained the same relative allelic expression levels in the hybrids as existed in the parents. This included loci that had equivalent levels of transcription in the two parents, together with loci which had different levels of expression in the parents. Amongst the genes which did not have MPV expression levels in the hybrids (non-additively expressed genes), approximately 40 in the globular embryo stage and 89 in the heart embryo stage had altered levels of transcription in both reciprocal hybrids; these genes could contribute to the heterotic phenotype of the hybrid embryo. Many of the non-additively expressed genes had expression levels that were shifted towards maternal levels of transcription, and these differed in the reciprocal hybrids. Allelic expression analysis indicated that most genes with altered allelic contributions in the hybrids had an increase in the expression level of the hybrid's maternal allele. Consistent with the maternal pattern of gene expression, embryo and seed also show maternally influenced phenotypes.
INTRODUCTION
Hybrid vigour, or heterosis, occurs in plant hybrids which have yields of both biomass and seed production greater than the better-performing parent. In hybrids, the final yields are a result of cumulative heterotic effects in different tissues and in different stages of the developing plant (Wei et al., 2009; Birchler et al., 2010; Chen, 2013) . In the Arabidopsis system, hybrids between C24 and Ler ecotypes have high levels of heterosis at seedling stages and in the mature plant (Groszmann et al., 2014) . We studied developing embryos to determine the earliest stage in development at which a heterotic phenotype could be detected. The coming together of two parental genomes and epigenomes in the zygote at fertilisation opens up the possibility that interactions between them could result in altered expression of a set of genes whose activities could be involved in the generation of hybrid vigour. The two reciprocal hybrids have the same genomic make-up, so any differences in gene expression between them must stem from different maternal influences or from interactions between the two genomes.
The reciprocal hybrids have mature seed of different sizes of so differential expression of at least some genes must occur. The size of the seeds is influenced by the maternal genotype: in the C24 9 Ler hybrid the seed size resembled the C24 parental seed size, which is larger than the seed size of Ler or the Ler 9 C24 hybrid (Groszmann et al., 2014) . The hybrid seed and embryo are larger than their maternal parent, the difference being evidence of hybrid vigour. In some studies of seed development in maize and Arabidopsis, a bias of expression towards the maternal allele in developing embryos has been reported (Springer and Stupar, 2007; Autran et al., 2011) . A different result in Arabidopsis was observed by Nodine and Bartel (2012) who did not find that the majority of genes showed a maternal bias; the maternal and paternal alleles of the hybrid were equally expressed at most loci in early stage embryos. We examined transcription at two time points: 4 days after pollination (dap; 16-cell to globular stage embryos) and 6 dap (heart embryo with about 1000 cells) to identify loci which may contribute to heterosis at these early stages of development. We measured gene expression and determined relative allele contributions using single nucleotide polymorphisms (SNPs) identifying Ler and C24 origins.
We identified four classes of gene activity in the hybrid embryos. The predominant pattern, applying to some 95% of the genes in both globular and heart embryo stages, showed biparental expression of alleles with the same levels of expression as in the parental genomes. This agrees with the findings of Nodine and Bartel (2012) . Other genes showed altered expression patterns in the hybrids, most being expressed with a bias to the maternal transcription level. A third set of genes, which had similar alterations in expression in both reciprocal hybrids, could be the genes contributing to the formation of the observed heterotic phenotypes in the embryo and in the mature seed. A fourth class of gene expression applied to a handful of genes with higher transcription levels of the maternal allele compared to the paternal one in the embryos; these are putatively imprinted genes.
RESULTS

Seed and embryo sizes in the reciprocal hybrids
The mature seeds of the C24 parent were approximately 30% larger than the seeds of the Ler parent, in agreement with a previous report (Groszmann et al., 2014) . The seed size of each reciprocal hybrid was similar to that of its maternal parent. There are similar findings in other hybrid systems (Alonso-Blanco et al., 1999; Meyer et al., 2007) . In the C24 (female) 9 Ler (male) hybrid, seeds were 35% larger than the reciprocal Ler 9 C24 hybrid seeds. When the embryos were at the early and late globular stages both reciprocal hybrids had larger developing seeds than the seeds of the parents (Figure 1a,b) .
In later stages of development, from the heart stage until the mature seed, the seeds of the C24 parent and the C24 9 Ler were larger than those of the Ler parent or the Ler 9 C24 hybrid (Figure 1c-h ). C24 9 Ler mature seeds were approximately 17% larger than the seeds of the C24 parent and Ler 9 C24 the seeds were 12% larger than those of the Ler maternal parent (Figure 1h ). We interpret these larger seed phenotypes of the hybrid relative to the parents to reflect heterosis of the contained embryo. The seeds of the C24 9 Ler hybrid were larger than C24 seeds when embryos were in the early torpedo stage of development ( Figure 1d ) and in the Ler 9 C24 hybrid the seeds were larger than Ler seeds at the torpedo and mature seed stages of embryo development (Figure 1e-h) . At the globular stage the size of the embryos of both hybrids resembled that of the maternal parent embryo. Ler and Ler 9 C24 embryos were larger than the corresponding C24 parent and the C24 9 Ler hybrid (Figure 1i ,j) but at later stages in development the embryos of the C24 parent and the C24 9 Ler hybrid were larger than the Ler parent and the Ler 9 C24 hybrid (Figure 1l-p) . The embryos of the C24 9 Ler hybrid showed heterosis from the torpedo stage until the mature seed stage (Figure 1m-p) . Heterosis was also obvious in the Ler 9 C24 hybrid embryo at the torpedo and mature seed stages (Figure 1m ,p). The differences in size between the reciprocal hybrid embryos and seeds define two stages of development. At the early and late globular stages there is a maternal effect on embryo size but not on seed size, whereas in later stages maternal and heterosis effects were noted in both embryos and seeds ( Figure 1 ).
Most genes are expressed at mid parent levels in the hybrid embryos
We studied gene expression in parent and hybrid embryos at two developmental points. We harvested 16-cell (dermatogen) or transitioning to 32-cell embryos which we referred to as 'globular' samples and 1000-cell heart embryos that correspond to our 'heart' samples ( Figure 2 ). Because developing seeds contain three distinct tissues, the seed coat, endosperm and embryo, each having a different ratio of maternal and paternal genomes, we have ensured that our embryo data are not influenced by contaminating material and that expression was from genes active in the developing embryos and not the other tissues of the seed (see Experimental Procedures). By measuring the expression levels of some indicator genes by qRT-PCR we have ruled out contaminating gene expression from the seed coat ( Figure S1 in the Supporting Information; Haecker et al., 2004; Pourcel et al., 2005; Kunieda et al., 2008) and validated our RNA sequencing (RNA-seq) data.
The differing sizes of the hybrids' developing embryos suggested that they have different patterns of gene expression at different stages of development. We compared transcriptome data of the embryos in reciprocal hybrids with the transcriptomes of the parents. Of the approximately 20 000 genes expressed at each of the globular and heart stages in the embryos, about 18 000 had similar levels of expression in the two parents. At the globular 
EMBRYO SIZE * * * * Figure 1 . The seed and the embryo size of the reciprocal hybrids are similar to the maternal parent. Measurements of (a-h) seed area and (i-p) embryo size of C24 9 C24, C24 9 Ler, Ler 9 C24 and Ler 9 Ler at different seed developmental stages. Black asterisks indicate that C24/C24 9 Ler are statistically different from Ler/Ler 9 C24 (Student's t-test, P-value < 0.05) and the white asterisks indicate that the reciprocal hybrid is bigger than the maternal parent (Student's t-test, P-value < 0.05). Sample size varied from 16 to 32, error bars indicate standard deviation.
embryo stage 1895 genes differed in their expression levels between parents (Table S1 ; 1261 genes of C24 > Ler, 634 genes of Ler > C24). In heart stage embryos 1747 genes differed between parents (Table S1 ; 770 genes where C24 > Ler, 977 genes where Ler > C24). The differences in the expression levels of these genes in the two ecotypes may reflect adaptation to their environments and may be a consequence of epigenetic controls. In the reciprocal hybrids most genes have expression levels with the expected average transcription activity of the two parental alleles (MPV; Figure 2 ). The Ler 9 C24 hybrid has 779 and 497 loci that are non-additive in expression levels in the globular and heart embryos, respectively, and in the C24 9 Ler hybrid, 170 and 128 genes have nonadditive expression activities in the two respective embryonic stages (Tables S2 and S3) . Most of these genes differed between the two reciprocal hybrids and also between the globular and heart stage embryos.
Loci potentially involved in heterosis
Genes that contribute directly to heterosis would be expected to have similarly altered levels of expression in the reciprocal hybrids. In the globular embryos, 41 of the differentially expressed genes (DEGs) (of the 779 in Ler 9 C24 and the 170 in C24 9 Ler) were differentially expressed in both reciprocal hybrids ( Figure 2c) ; 40 of the 41 genes showed reduced gene activity. Gene Ontology (GO) analysis disclosed only one category ('Cellular process in the endomembrane system') with more genes than expected. Among the 40 downregulated genes were four transcription factors and two genes associated with photosynthesis ( 
Common in reciprocal hybrids 128 DEGs, 89 were upregulated in both reciprocal hybrids ( Figure 2g ). These were also enriched in the GO category 'Cellular component for the endomembrane system'. The upregulated genes (Table 2) include two loci which affect photosynthesis, two genes involved in hormone action, two genes determining flowering time and three genes for cell wall formation. Only one gene was upregulated in both globular and heart embryos in both reciprocal hybrids, this encodes the MADS AFFECTING FLOWERING (MAF1) protein which is known to be a repressor of flowering and may have other regulatory roles (Ratcliffe et al., 2001) .
Loci under maternal control
The 779 and 170 genes that are differentially expressed in the globular embryos of the reciprocal hybrids could be loci from both the similarly and differently expressed cohorts of genes in the parents. This also applies to the 497 and 128 genes that are differentially expressed in the heart stage embryos of the hybrids.
In both reciprocal hybrids a high percentage of DEGS followed the expression pattern in the maternal parent when the expression of those genes was different between the parents (Figure 3 ). Cluster analysis of the transcriptomes of the hybrids and parents grouped each reciprocal hybrid with its maternal parent rather than with the other hybrid ( Figure S2 ). This contrasts with gene expression analysis in later seedling development where the reciprocal hybrids cluster with each other rather than with their maternal parent ( Figure S2 ). We were able to identify clusters of genes in globular and heart stage embryos with higher expression levels in Ler and Ler 9 C24 compared with C24 and C24 9 Ler and with higher expression levels in C24 and C24 9 Ler relative to the other two genotype combinations ( Figure 4 ). The shift in expression towards the maternal level implies that there are one or more maternal factors that influence the level of transcription of alleles in the hybrid. The maternally influenced genes include genes which may be associated with generation of the larger sized mature seed of the C24 9 Ler hybrid and with the size of the Ler 9 C24 seed.
At the globular stage, GO biological processes that were enriched in the C24/C24 9 Ler upregulated genes were 'Lipid localization', 'Phenylpropanoid metabolism' and 'Response to gibberellin stimulus' (Table 3) (Du et al., 2010) . Many categories of 'Molecular function' were enriched, including carboxylesterase activity, pectinesterase activity and peptide hydrolases. 'Endomembrane system' and 'Anchored to membrane' were also enriched. In Ler/Ler 9 C24 the category enriched for upregulated genes was 'Response to stimulus', including heat stress, oxidative stress, high light intensity and chitin. Many of the genes included in this category encoded heat shock proteins; 'Apoptosis' and 'Toxin catabolic processes' were also enriched (Table 3) .
At the heart stage no enriched GO categories were detected in the genes upregulated in C24/C24 9 Ler (Table 4) . In Ler/Ler 9 C24 'Phenylpropanoid biosynthetic process' and 'Catalytic activity', including enzyme inhibitor activity and peptidase activity were enriched. These processes were upregulated in C24 and C24 9 Ler at the globular stage and were activated in Ler and Ler 9 C24 later in development, suggesting that there may be differences in timing of these processes in development. In addition to these categories, 'Response to stimulus', including stress and chitin and 'Defence response' were upregulated in Ler and Ler 9 C24 compared with C24 and C24 9 Ler. Genes differentially expressed in only one reciprocal hybrid included loci with altered expression values which could account for the differing size of seeds and embryos of the reciprocal hybrids. For example, in globular embryos CYCLIN D7;1 was upregulated in the C24 9 Ler hybrid but not in C24. Overexpression of this gene in seeds has been reported to lead to cell proliferation and cell enlargement in both embryo and endosperm (Collins et al., 2012) . Genes downregulated in the C24 9 Ler hybrid included genes involved in response to stress such as ETHYLENE AND SALT INDUCIBLE 1, RESPONSE TO ABA AND SALT 1, KIN1, COLD RELATED 15 and HEAT SHOCK PROTEIN 18.2 (Table S2 ). In the Ler 9 C24 hybrid, four heat shock proteins and ASCORBATE PEROXIDASE 2 were upregulated. Conversely many genes related to photosynthesis were downregulated (Table S2 ).
In the C24 9 Ler heart embryo (but not C24) CLAVATA3/ ESR RELATED 8 (CLE8 ; Table S3 ) was upregulated. This gene encodes a ligand related to the CLAVATA3 gene which promotes seed growth and overall seed size (Fiume and Fletcher, 2012) . In the Ler 9 C24 hybrid embryo, but Non-specific phospholipase C2 At5 g53520 OLIGOPEPTIDE TRANSPORTER 8
Target promoter of the transcription factor DUO1 At2 g01660 PLASMODESMATA-LOCATED PROTEIN 6
Encodes a plasmodesmal protein At2 g21140 PROLINE-RICH PROTEIN 2 At4 g18430 RAB GTPASE HOMOLOG A1E
Functions in GTP binding At5 g38420 RUBISCO SMALL SUBUNIT 2B
Member of the Rubisco small subunit multigene family: At5 g22980 SERINE CARBOXYPEPTIDASE-LIKE 47
Serine carboxypeptidase-like 47 At2 g22990 SINAPOYLGLUCOSE 1
Catalyses the formation of sinapoylmalate At1 g43640 TUBBY LIKE PROTEIN 5
Member of TLP family At2 g31750 UDP-GLUCOSYL TRANSFERASE 74D1
Functions in transferase activity At5 g33290 XYLOGALACTURONAN DEFICIENT 1
Involved in pectin biosynthesis At4 g37800 XYLOGLUCAN ENDOTRANSGLUCOSYLASE 7
Functions in hydrolase activity Downregulated At1 g30370 DAD1-LIKE ACYLHYDROLASE Plays a role in seed viability At4 g24580 ROP1 ENHANCER 1
Regulates pollen tube development At2 g38470 WRKY DNA-BINDING PROTEIN 33
Member of the plant WRKY transcription factor family not in the Ler parent, nine genes encoding small secreted cysteine-rich proteins, putatively involved in signalling in disease and reproductive processes, were upregulated (Table S3) .
Analysis of expression of parental alleles using SNPs
An analysis of transcripts in the cells of both globular and heart embryos of the hybrid identified about 8000 loci with SNPs that differentiated their parental origin ( Figure 5 ). The percentage of maternal and paternal reads was close to 50% in both hybrids at the two developmental stages, further ruling out any contamination from the seed coat or endosperm ( Figure S3 ). We validated our SNP analysis by sequencing the cDNA of eight genes in parents and hybrids to detect nucleotides at polymorphic positions (Raissig et al., 2013 ; Figure S4 ). We compared the expression levels of Ler and C24 alleles by calculating the Ler proportion using the reads of Ler and C24 [Ler ratio = number of Ler reads/(number of Ler reads + number of C24 reads); Table S4 ]. This formula was applied to the transcriptome data from the parents to estimate the relative expression levels of the C24 and Ler alleles to determine if these change in the hybrids. Most of the SNP-containing genes had similar expression levels in the two parents (Ler ratio( 
DERMATOGEN AND GLOBULAR EMBRYOS (4 dap)
HEART EMBRYOS (6 dap) Figure 3 . Classification of the differentially expressed genes in the hybrids according to their expression patterns in the parents. Genes following the 'Maternal trend' also had decreased or increased expression in the maternal parent compared with its expression levels in the paternal parent. The opposite happens with genes following the 'Paternal trend'. Genes with similar expression levels in the parents are classified as 'Similar parents'. dap, days after pollination. In the reciprocal hybrids, most genes had equal proportions of transcripts from each parent ( Figure 5 ). In C24 9 Ler the distribution of the expression levels of the genes according to the Ler ratio was slightly shifted. There were more genes with a Ler ratio below 0.5 than genes with a Ler ratio above 0.5 at both globular (mean Replicate1 = 0.45, FDR is false Discovery Rate SD = 0.148; mean Replicate 2 = 0.47, SD = 0.162) and heart (mean Replicate 1 = 0.49, SD = 0.140; mean Replicate 2 = 0.49, SD = 0.136) stages. This indicates a slight dominance of maternal over paternal reads. A similar trend was found in the Ler 9 C24 hybrid where the distribution of the expression of alleles was shifted in the opposite direction in globular (mean Replicate 1 = 0.52, SD = 0.173; mean Replicate 2 = 0.53, SD = 0.189) and heart (mean Replicate 1 = 0.53, SD = 0.138; mean Replicate 2 = 0.53, SD = 0.144) embryos. Where there was unequal activity between the alleles of the two parents the relative frequencies were generally retained in the hybrid (as an example At2g23050, At2g01770 and At1g69770; Figures S4 and S5 ). In this group of genes we identified 55 and 94 genes with a Ler ratio below 0.2 (in which the C24 allele has higher expression levels than Ler) in the globular and heart stage data sets, respectively (Table S5) . Of these, 14 were in common between the embryo stages. Conversely, 97 and 118 genes had a Ler ratio above 0.8 in globular and heart stages, respectively, with 36 genes in common between both stages (Table S5) .
The loci that did not retain the same expression levels in the hybrid as in the parents must have been subjected to some trans-interactions. In Ler 9 C24 there were 144 and 46 genes and in C24 9 Ler there were 50 and 73 genes in the globular and heart stages, respectively, that had a Ler ratio shifted in the hybrids by at least 30% compared with the parents (P-value < 0.05, binomial test; Table S5 ). The majority of these genes had a Ler ratio shifted to higher levels of expression of the maternal allele (Figures 6 and  S5 ). In the vast majority of cases, this was due to an increase in the number of reads coming from the maternal allele accompanied by a decrease in the number of reads from the paternal allele.
To identify possible imprinted genes in the embryos we asked which genes had a Ler ratio above 0.8 in Ler 9 C24 and a ratio below 0.2 in C24 9 Ler: 55 and 35 genes matched this criterion in globular and heart stages of which 14 were in common between the stages (Table S6) . We detected 7 genes of the 11 reported by Raissig et al. (2013) to be imprinted in embryos.
DISCUSSION
The morphology and transcriptional activity of the developing embryo and seed in the C24/Ler reciprocal hybrids show that heterosis can be detected in both hybrids in Response to heat 1.7 9 10 À29 1.1 9 10
À26
Response to stress 1.3 9 10 À15 3 9 10
À13
Response to oxidative stress 6 9 10 À15 1 9 10
À12
Response to high light intensity 2 9 10 À14 2.6 9 10
Response to stimulus 1.7 9 10 early stages of embryo development. Heterosis is morphologically evident in the C24 9 Ler mature embryos which display a strong maternal influence in size, but in addition show a size increase over and above that of the parental embryos. Because of the strong maternal effect, the sizes of the embryos in the reciprocal hybrids were less similar to each other than to their maternal parent. This finding was concordant with the transcriptional activity of the globular and heart embryo stages relative to the parents. Cluster analysis of the transcriptomes of the hybrids and parents grouped each reciprocal hybrid with its maternal parent rather than with the other hybrid ( Figure S2 ). This contrasts with gene expression analysis in later development where the reciprocal hybrids cluster with each other rather than with their maternal parent and the levels of heterosis were similar in the two reciprocal hybrids ( Figure S2) .
We have identified different patterns of gene expression during the development of the embryo. Fewer than 5% of genes had expression levels different from the MPV in the hybrid, and most genes, approximately 95% of the 8000 genes with SNPS, were expressed in the hybrids with alleles having similar transcription levels to their parent. The parental allelic expression patterns were maintained in the hybrid whether the two alleles were transcribed equally or unequally in the two parental genomes. These observations suggest that transcriptional activity of most loci in the hybrid operate under cis promoter elements. Nodine and Bartel (2012) reported biparental expression of the majority of genes in early stages of embryo development. A report which interpreted the early embryo transcriptome to have a majority of loci with maternal allelic expression (Autran et al., 2011) may have had contaminating transcripts, largely from the seed coat. The difference in the reports could also be partly due to the use of hybrids between different accessions, as it was found that the timing of activation of paternal alleles of a few loci varied when crossing different ecotypes (Del Toro-De Leon et al. 2014) .
Among the genes at globular and heart embryo stages which were not expressed at MPV in the hybrids, many showed a shift in expression towards maternal levels, implying that there must be parentally derived influences on gene expression. We found that for the small number of loci with alterations in allelic expression levels in the hybrid, in most cases the expression level of the maternal allele increased compared with the paternal allele. A minor class of the non-biparental gene expression loci in the embryo could be imprinted genes where only the maternal allele was expressed. Of eleven genes classified as such by Raissig et al. (2013) we identified seven in our dataset and validated three of these by sequencing of cDNA ( Figure S4 ).
Another group of differentially expressed genes, 41 in the globular stage and 89 in the heart stage, had similarly altered expression levels in both reciprocal hybrids. These genes, not under maternal influence, may be loci associated with the heterotic size increments of the early embryos and the embryo in the mature seed. Their transcript levels would have resulted from interactions between the genomes and/or epigenomes of both parents. There was no overlap in identity of these loci between the globular and heart stage embryos except for a single locus, MAF1, indicating that contributions of gene activity to heterosis are specific to the developmental stage examined. In later seedling development the genes differentially expressed at 3 days after sowing did not overlap with genes differentially expressed at 10 days after sowing (Fujimoto et al., 2012) . The putative embryo heterosis genes do not correspond to the putative heterosis genes acting in the early seedling (Fujimoto et al., 2012) , but aspects of the embryo phenotype may alter some of the future development patterns of the hybrid such as the number of photosynthetic cells in the cotyledons and leaves.
The existence of the two genomes and epigenomes in the hybrid nucleus has enabled us to identify sets of genes with different classes of expression. The majority of the genes in the two genomes operate with the same levels of transcription as they had in the parental embryos, 
DERMATOGEN AND GLOBULAR EMBRYOS (4 dap)
HEART EMBRYOS (6 dap) reflecting the extent of gene activity and interaction needed to promote normal development. There are only a few loci that have altered transcript levels and probably promote hybrid vigour. We identified approximately 130 genes with similarly altered transcriptional levels in both hybrids and suggested these genes are likely to contribute to heterosis. Other genes with altered expression in the hybrid may contribute to the establishment of heterosis, particularly if the timing of development is considered. In developing embryos and seeds the heterotic phenotype is reflected by the increased size of the embryos, particularly at the torpedo stage onwards, and of the mature seeds. Some pathways are altered in the reciprocal hybrids at different stages (e.g. the phenylpropanoid pathway is upregulated at the globular stage in C24 9 Ler and at the heart stage in Ler 9 C24), suggesting an effect of timing of development on gene expression.
Of the approximately 130 genes identified as possibly contributing to heterosis in the embryos, none overlap with genes we have identified as being differentially expressed in hybrids at later stages of seedling development. This is consistent with the complex nature of heterosis and the likelihood that different patterns of altered gene expression in hybrids will be seen at different stages of development and in different tissues.
EXPERIMENTAL PROCEDURES Plant growth and embryo isolation
Plants were grown on MS media for 15 days before being transferred to soil in growth cabinets at 21°C with 16 h of light and a light intensity of 120 lmol m À1 sec
À1
. We hand pollinated C24 and Ler ecotypes to obtain our four samples, C24 9 C24, Ler 9 Ler, Ler 9 C24 and C24 9 Ler. Plants were emasculated and pollinated immediately. We crossed two to three siliques per inflorescence in three branches per plant which made a total of nine crossed siliques per plant. After 4 or 6 days, siliques containing embryos at the 16-cell (dermatogen) to globular stages or the heart stage, respectively, were selected and embryos at those developmental stages were harvested (Figure 2 ). The developing seeds were placed in a 50-ll drop of isolation buffer containing 5% sucrose and 0.1% RNAlater (Ambion, catalogue no. AM7021,
LerxC24
Ler ratio in parents Ler ratio in LerxC24
Ler ratio in C24xLer
C24xLer LerxC24 Ler ratio in parents Ler ratio in LerxC24
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DERMATOGEN AND GLOBULAR EMBRYOS (4 dap)
HEART EMBRYOS (6 dap) Figure 6 . Few genes have a Ler ratio shifted in the hybrids compared with the parents. Only 144 and 50 genes had a 30% increment in their Ler ratio in Ler 9 C24 (a) and C24 9 Ler (b) globular embryos, respectively (P-value < 0.05, binomial test).
In the case of heart embryos the numbers were 46 genes in Ler 9 C24 (c) and 73 in C24 9 Ler (d). Note that most of these genes were shifted to dominance of the maternal allele. dap, days after pollination. [Colour figure can be viewed at wileyonlinelibrary.com]
http://www.appliedbiosystems.com) as described in Xiang et al. (2011) . Seeds were sectioned under a dissecting microscope using fine tungsten needles to carefully dissect the embryos. Each embryo was washed thoroughly to remove any attached seed tissues by transferring it successively to three fresh drops of isolation buffer with the aid of tungsten needles. After these washing steps, embryos were kept in RNAlater at À20°C. Two globular and two heart stage biological replicates were isolated, each sample containing around 20 heart and 30 globular embryos.
RNA extraction, amplification and RNA-seq library preparation 
Bioinformatic analysis
Samples were sequenced on Illumina platforms and reads were 100-nucleotide pair ended. We obtained approximately 80 million and 70 million reads per globular and heart sample, respectively. A CLC Genomics workbench (http://www.clcbio.com/) was used to assess the quality of the reads and for the trimming. Reads were then mapped to the Arabidopsis genome with the software Biokanga align (http://sourceforge.net/projects/biokanga/) using default settings and TAIR10 as the reference genome. Around 80% of the reads per sample were mapped and allocated to genomic features as per TAIR10 annotations using BioKanga map loci on default settings. Reads per genomic feature were standardised across libraries using the normalisation procedure in DESEQ (http://bioc onductor.org/packages/2.13/bioc/html/DESeq.html). Negative binomial tests implementing the 'maximum' variance dispersion model in DESEQ were used to determine significant differences in mRNA levels between samples. For a gene to be called differentially expressed it had to follow the cut offs of 1.5-2-fold change, P-value < 0.05 and at least 32 reads in any of the samples in both biological replicates. For Figure 2 , we classified the genes that are differentially expressed compared with MPV in the hybrids according to parental expression patterns. We generated three lists of genes: one with genes that were 1.5-fold or more upregulated in C24 compared with Ler (P-value < 0.05), another list with genes 1.5-fold or more upregulated in Ler (P-value < 0.05) and a list of genes with similar levels in both parents (P-value > 0.05). Then we interrogated how many of the down-or upregulated genes in the reciprocal hybrids were down-or upregulated in the maternal and the paternal parent or had similar levels in both parents.
For the hierarchical clustering analyses we selected the genes with higher differences in gene expression between the samples. At the globular stage, 4683 genes had a fold change of at least 2.5 between the samples with the highest and the lowest expression levels. The fold change cut-off for the heart stage was 2 (4142 genes) and 1.5 for the rosettes (3663 genes). The samples were clustered in R using the function hclust, method = 'euclidean'. Hierarchical clustering analyses were also run in Cluster 3 software (Eisen et al., 1998) on the settings Average Linkage and distance metric 'correlation (uncentered)'.
To determine the allelic contribution in our data set we identified the reads containing mismatches with the TAIR10 reference genome using Biokanga. At least five reads had to overlap a mismatch to call for a SNP. C24 and Ler SNP files were downloaded from the Arabidopsis 1001 genome database (http://1001genomes. org/index.html) and parental reads were identified by examining whether mismatches in uniquely mapped reads corresponded to C24 or Ler SNPs at the specific genomic locations. If a read contained multiple SNPs, all the SNPs needed to agree with one ecotype to be accepted. Two SAM files per sample were generated this way, one containing the number of C24 reads and another one with Ler reads. Reads were allocated to genomic features using BioKanga map loci on default settings. To compare the number of reads between the parents we normalized the number of reads according to library size using DESEQ. There was no need to normalize the number of C24 and Ler reads in each hybrid as they came from the same library. We tallied the number of C24 and Ler reads per gene in all samples and only analysed the genes with at least 50 reads in any the samples. Then a Ler ratio per gene was calculated as number of Ler reads/(number of Ler reads + number of C24 reads). The same formula was used to calculate the Ler ratio using the data from the parents, so if a gene is expressed at exactly the same relative level in Ler and C24, the ratio would be 0.5. To study global allele expression patterns genes were classified in bins of 0-0.2, 0.2-0.4, 0.4-0.6, 0.6-0.8, 0.8-1, and for a gene to be considered for further analysis it had to be classified in the same bin in both biological replicates. To identify the genes that change their Ler ratio in the hybrids compared with the parents we performed a Binomial test in R. To account for increased statistical sensitivity in genes with large read numbers we normalized the reads per gene so the sum of C24 and Ler reads was 100 in the genes with more than 100 reads (C24 and Ler). Genes with a P-value < 0.05 and an increment of 0.3 in the Ler ratio in both biological replicates were considered as changed genes.
We undertook GO analysis on the list of genes using the AGRIGO Resource (http://bioinfo.cau.edu.cn/agriGO/analysis.php; Du et al., 2010) and the genes were functionally classified according to the three main GO categories (Biological process, Molecular function and Cellular component) and the level of representation compared with all Arabidopsis genes.
Quantitative RT-PCR for transcriptome validation
The transcriptome data was validated for 17-20 genes using qRT-PCR. Two micrograms of amplified anti-sense RNA was used in reverse transcription reactions using Random Primers (Invitrogen, http://www.invitrogrn.com/) and SuperScript III Reverse Transcriptase (Invitrogen). Gene-specific mRNA levels relative to the housekeeping gene CYCLOPHYLIN5 were measured by real-time PCR with a Rotor-Gene Q PCR machine (Qiagen) using the primers listed in Table S7 .
Semiquantitative RT-PCR and Sanger sequencing
Semiquantitative RT-PCR was performed on diluted cDNA (50 ng ll À1 ) with 35 cycles (94°C for 15 sec, 60°C for 20 sec, and 72°C for 45 sec) followed by 72°C for 10 min. We used Taq DNA Polymerase and PCR buffer from New England Biolabs (http:// www.neb.com/) and a final concentration of 2 mM MgCl 2 , 0.2 mM dNTPs and 0.2-0.4 mM primer. The resulting PCR product was analysed on a standard DNA agarose gel and the remaining product was purified using the MinElute PCR Purification kit from Qiagen. The purified PCR product was Sanger sequenced and the chromatograms analysed at the site of the SNP between C24 and Ler to assess relative allelic abundance. All assays were tested for non-biased amplification of sequence fragments from both accessions using genomic DNA of F 1 hybrid seedlings (C24 9 Ler and Ler 9 C24). Primer sequences are listed Table S7 .
Microscopy
C24 and Ler crosses were collected after 4, 5, 6, 7 and 8 dap and fixed in ethanol:acetic acid solution (1:1 vol:vol) over night. Seeds were dissected and put on a slide with chloral hydrate solution (4 g chloral hydrate, 1 ml glycerol, 2 ml water) and were visualized and photographed under differential interference contrast microscopy after a few minutes (young seeds) or after an overnight incubation at room temperature 21°C (older seeds) in a Zeiss Axion Imager 2 microscope (http://www.zeiss.com) at 20 9 magnification. Measurements of seed area, embryo area and embryo length were taken using ImageJ software.
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article. Figure S1 . Enrichment of embryo mRNA in tissue samples. Figure S2 . The transcriptomes of the reciprocal hybrids are different during early embryo development. Figure S3 . Maternal and paternal genomes contribute equally to the embryonic transcriptome. Figure S4 . Validation of the allele-specific expression analysis. Figure S5 . Comparison of the Ler ratio of genes in parents and reciprocal hybrids. Table S1 . Differentially expressed genes between C24 and Ler. Table S2 . Differentially expressed genes in the hybrids at the globular stage. Table S3 . Differentially expressed genes in the hybrids at the heart stage. Table S4 . Genes with allelic-biased expression. Table S5 . Genes with a changed Ler proportion in the hybrids compared with the parents. Table S6 . Putative imprinted genes in the embryos. Table S7 . List of primers used in this study.
